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The local environment surrounding ferromagnetically ordered Mn in Mn/GaAs digital layers and ~Ga,
Mn!As random alloys has been selectively probed using a combination of local structural information obtained
by x-ray magnetic circular dichroism ~XMCD! and extended x-ray absorption fine structure ~EXAFS! tech-
niques. The Mn/GaAs digital layers and ~Ga, Mn!As random alloys exhibit an exceptionally large XMCD of
42%62% and 39%62% at the Mn L3 absorption edge, indicating that a high percentage of at least 71% and
66% Mn atoms with robust local magnetic moments actually participate in the ferromagnetic ordering, respec-
tively. The observed Mn L3-edge XMCD spectra and Mn K-edge EXAFS spectra are very similar for the
Mn/GaAs digital layers and ~Ga, Mn!As random alloys, but clearly different from those found in a reference
MnAs film. These results provide direct evidence that the ferromagnetism observed in the Mn/GaAs digital
layers and ~Ga, Mn!As random alloys is mainly due to the Mn atoms occupying the Ga sites in the GaAs host
instead of possible MnAs magnetic clusters.
DOI: 10.1103/PhysRevB.67.214401 PACS number~s!: 75.25.1z, 72.80.Ey, 75.70.2iFerromagnetic alloys consisting of Mn and GaAs have
been extensively studied in light of their potential in various
spintronic device applications.1 In particular, Mn/GaAs digi-
tal alloys with Mn and GaAs layers grown alternately by
molecular beam epitaxy ~MBE! exhibit some magnetic prop-
erties such as Curie temperature and coercive field intensity
different from those of the ~Ga, Mn!As random alloys, add-
ing more possibilities of this new class of ferromagnetic
semiconductors for technological applications.2,3 Above all,
in device applications it is essential to ascertain that ferro-
magnetism arises from the Mn ions properly incorporated
into the host material instead of that caused by possible for-
mation of small clusters such as MnAs. The extended x-ray
absorption fine structure ~EXAFS! technique is suited for
probing the local environment surrounding specific atoms in
a complex material system, and as confirmed by previous
experiments, Mn substitution for Ga in the GaAs host is
believed to be responsible for the observed ferro-
magnetism.1–4
However, due to the usually large uncertainty ~;20%! in
determining the coordination numbers, the EXAFS tech-
nique, even though useful for ruling out the possibility of
dominant MnAs formation,3 actually does not have enough
sensitivity to detect a few percent of the total number of Mn
atoms forming MnAs magnetic clusters as a minority phase
coexisting with the majority Ga-substituting Mn in the ma-
terials. The possible presence of magnetic clusters at such
low concentration may still give rise to a large contribution
to the measured magnetic moments, thus leading to an incor-
rect conclusion concerning the correlation between results
from EXAFS and magnetic measurements. Furthermore,
since the possible MnAs clusters or nanoparticles can have a0163-1829/2003/67~21!/214401~5!/$20.00 67 2144Curie temperature very different from that of bulk MnAs
~313 K!, standard temperature-dependent magnetometry is
not useful for addressing this issue. It is therefore of critical
importance to selectively probe the local environment around
the ferromagnetically ordered Mn ions to assure that these
materials are indeed useful for spintronic applications.
To this end, it is particularly useful to combine the results
obtained from the x-ray magnetic circular dichroism5–8
method with those from the EXAFS technique to identify
unequivocally the local chemical environment surrounding
Mn ions participating in the ferromagnetic ordering in Mn/
GaAs digital layers and ~Ga, Mn!As random alloys. X-ray
magnetic circular dichroism ~XMCD! can be obtained from
the difference between x-ray absorption coefficients of circu-
larly polarized x rays with opposite helicity—i.e., x-ray ab-
sorption spectra ~XAS! measured by applying an external
magnetic field in opposite directions with respect to the cir-
cular polarization. The difference in helicity can affect the
transition between states due to the interaction of circularly
polarized x-ray photons with the aligned local magnetic mo-
ments of the constituent magnetic elements under study,
thereby giving rise to prominent XMCD features near the
absorption edges of such elements. Utilizing the tunability of
the x-ray photon energy of a synchrotron radiation source,
element selectivity can be achieved by selecting the incident
x-ray energy near the absorption edges of the element of
interest, and the prominent XMCD features appearing near
the absorption edges of the selected atomic species can there-
fore be used to identify the constituent elements that are
responsible for the observed ferromagnetism. Further, since
the XAS signal carries the signature of the local chemical
environment, the XMCD features also reflect the local struc-©2003 The American Physical Society01-1
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spectra between the ferromagnetic material under investiga-
tion and those of reference compounds containing the same
magnetically active ions with known local structure can also
identify the local structure of the ions participating in ferro-
magnetism.
In the present work, XMCD methods have been employed
to obtain the signatures of the local chemical environment
around Mn atoms in a Mn/GaAs digital layer, a ~Ga, Mn!As
random alloy, and a MnAs film reference compound. The
XMCD spectra of all three samples were compared with
each other to qualitatively identify the similarities and differ-
ences in the local chemical environment surrounding the Mn
atoms participating in the ferromagnetic ordering. Based on
this information and the large XMCD intensity of the alloys,
we are able to assign local structures obtained from EXAFS
to the ferromagnetically ordered Mn ions in the Mn/GaAs
digital layer and ~Ga, Mn!As random alloy.
As a side remark, the ideal combination of XMCD and
EXAFS in selective probing of ferromagnetically ordered
Mn would have been to analyze the fine structures of XMCD
in the EXAFS regime ;40–1000 eV above the Mn L edges.
However, as will be demonstrated in our XMCD data of both
Mn/GaAs digital alloy and ~Ga, Mn!As random alloy, the
XMCD spectra are appreciably larger than zero only within
the near-edge regime. Therefore, it is hardly practical to em-
ploy such a combined technique to selectively probe the fer-
romagnetically ordered Mn in these samples. On the other
hand, our approach of using the Mn near-edge features of
XMCD to qualitatively exhibit the differences in Mn local
bonding environment between MnAs and both alloy samples
is uniquely suited for ruling out the possibility that the fer-
romagnetism in these samples is due to MnAs clusters or
nanoparticles. Furthermore, the high intensity of XMCD im-
plies that Mn atoms participating in the ferromagnetic order-
ing dominate the overall Mn population in the samples and
thus justifies assigning the average Mn local structures ob-
tained by EXAFS to the ferromagnetically ordered Mn in
these samples. As will be demonstrated in this paper, our
approach of combining the XMCD and EXAFS results is
uniquely suited for unambiguous determination of ferromag-
netically ordered Mn in both Mn/GaAs digital alloy and ~Ga,
Mn!As random alloy used in this work.
A Mn/GaAs digital alloy with nominally 0.5 monolayer
~ML! of Mn and 16 ML of GaAs in each period was grown
by MBE for 50 periods on a GaAs ~001! substrate. A ~Ga,
Mn!As random alloy film with Mn concentration around 3
at. % and a MnAs reference compound film were also grown
by MBE. The XMCD measurements were performed at the
Dragon Beamline BL11A at the Synchrotron Radiation Re-
search Center in Taiwan. Soft x-ray beams with a degree of
circular polarization of ;80% were directed at an angle of
30° with respect to the sample surface. An external magnetic
field of variable intensity parallel to the sample surface is
generated by a pair of magnets located in the vacuum cham-
ber. The XAS near the Mn L2,3 edges of the Mn/GaAs digital
layer and the ~Ga, Mn!As random alloy were measured in the
fluorescence mode using a seven-element germanium detec-
tor at a temperature of 5 K and an external magnetic field of21440600 Oe. The XAS of the MnAs reference compound were
obtained by measuring the total electron yield at a tempera-
ture of 300 K and an external field of 1.0 T. The XAS results
of all three samples were normalized to the incident beam
intensity, which was constantly monitored by the electron
yield of a fine gold mesh. The XMCD spectra, obtained from
the difference in XAS measured with opposite magnetic
fields for the ~Ga, Mn!As random alloy and Mn/GaAs digital
layer, are plotted with the corresponding XAS spectra in Fig.
1. The XMCD and XAS results of the ~Ga, Mn!As random
alloy are very similar to those of the Mn/GaAs digital layer.
A comparison of XMCD spectra of the digital layer, random
alloy, and MnAs reference compound is demonstrated in Fig.
2.
As shown in Fig. 1, the XAS intensity at the L3 white line
around 638.7 eV represents the 2p3/2→3d transition of the
FIG. 1. XAS and XMCD spectra of ~a! ~Ga, Mn!As random
alloy and ~b! Mn/GaAs digital alloy samples.
FIG. 2. Comparison of XMCD spectra of ~Ga, Mn!As random
alloy, Mn/GaAs digital alloy, and MnAs model compound.1-2
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the magnetic field: this is around 83% higher than that in the
spectrum I1 with x-ray helicity parallel to the magnetic field
for the Mn/GaAs digital alloy sample. It should be noted that
the pre-edge background, determined by a linear fit of data
points between 625 and 634 eV, was subtracted from the I1
and I2 spectra in such quantitative analysis. Considering the
corrections due to the 80% degree of circular polarization
and 30° incidence angle, the 2p3/2→3d transition rate in I2
is around 2.45 times of that in I1 or, equivalently, an asym-
metry (I22I1)/(I11I2) of 42%62%, where the uncer-
tainty was estimated by error propagation from the uncer-
tainty of background subtraction at 638.7 eV in the XMCD
spectrum. The asymmetry rate for the ~Ga, Mn!As random
alloy sample has a lower value of 39%62%. The rich struc-
tures present in the XAS also suggest that Mn has highly
localized d states in both samples.9,10 This large difference in
XAS offers a clear indication of large average local magnetic
moments arising from Mn atoms in the sample. Compared to
the calculated 58%–59% XMCD typical for Mn with highly
localized d states9,10 and assuming maximum magnetic mo-
ments for all ferromagnetically ordered Mn, it can be esti-
mated that around 71% and 66% of the Mn atoms in the
Mn/GaAs and ~Ga, Mn!As samples, respectively, participate
in the ferromagnetic ordering, a percentage 5.1–5.5 times
larger than that previously reported for the ~Ga, Mn!As ran-
dom alloys.10 Also, when measured at the temperature used
in Ref. 10 ~15 K!, it turned out that the corrected asymmetry
rates (I22I1)/(I11I2) of the these samples are only
around 4%–9% lower than those obtained at 5 K. The rela-
tively small difference between maximum XMCD measured
at 5 and 15 K is also shown in Fig. 2~a! in Ref. 10. In the
case that the ferromagnetically ordered Mn atoms bear only a
fraction of the maximum magnetic moment, the percentage
of total number of Mn atoms participating in ferromagnetism
will be even higher than the 66%–71% estimated above. It is
thus expected that the local structure around these ferromag-
netically ordered Mn will appreciably affect the average lo-
cal structure of all Mn in the sample. If the ferromagnetism
of the sample were due to magnetic clusters such as MnAs,
the Mn atoms in these clusters would make a large contribu-
tion to the EXAFS results.
To determine the average local structure around the Mn
atoms in the Mn/GaAs digital layer and ~Ga, Mn!As random
alloy samples, Mn K-edge EXAFS measurements were car-
ried out in fluorescence mode at Beamline X3B1 of the Na-
tional Synchrotron Light Source at Brookhaven National
Laboratory. Detailed experimental procedures can be found
in previous publications.3,11–14 A well-established data reduc-
tion and correction method was used to extract the EXAFS x
functions from the raw experimental data.11,15 Quantitative
local structural information was obtained by curve fitting the
experimental x functions using the backscattering amplitude
and phase-shift functions extracted from theoretical models
generated by the well-known FEFF program.11,16,17 The ex-
perimental EXAFS x functions and Fourier transforms are
plotted with their respective theoretical curve calculated
from the local structural parameters obtained by curve fit-
tings in Fig. 3, and the local structural parameters determined21440by curve fittings are listed in Table I.
As shown in Fig. 3 and Table I, the average local structure
around Mn determined by EXAFS in both the Mn/GaAs
digital layer and ~Ga, Mn!As random alloy samples is con-
sistent with that Mn atoms substitute for Ga in GaAs, in
which Ga is surrounded by 4 As, 12 Ga, and 12 As neigh-
boring atoms at distances of 2.45, 4.00, and 4.69 Å,
respectively.18 The longer interatomic distances for the first
~As! shell and the shorter interatomic distances for the sec-
ond ~Ga! and third ~As! shells in both samples are considered
as built-in distortions due to the different atomic size of Mn
and Ga atoms. The EXAFS results of these samples are ba-
sically consistent with those reported previously:3,4 however,
both are quite different from the spectra of the MnAs refer-
ence compound
It is clear that the local structure around the ferromagneti-
cally ordered Mn atoms which include at least 66%–71% of
all Mn atoms in these materials does not show any signifi-
cant change of the EXAFS spectra of a Ga-substitution-
average Mn local structure. Therefore, ferromagnetism ob-
served in the Mn/GaAs digital layer and ~Ga, Mn!As random
alloy is indeed due to Ga-substituting Mn atoms, instead of
the possible magnetic clusters such as MnAs. This is further
confirmed by the similarities between the XMCD spectra of
the digital and random alloys and their differences compared
to that of the MnAs reference compound as shown in Fig. 2.
Since the XAS spectra are closely related to the local density
of states around Mn, the XMCD results can be used to reveal
the similarity between the digital and random alloys as well
FIG. 3. Fourier transform of the Mn K-edge EXAFS x func-
tions. For comparison, the experimental data of a MnAs model
compound published in our previous paper is also included ~Ref.
12!. Inset shows k-weighted Mn K-edge EXAFS x functions. Fine
lines: experimental. Coarse lines: theoretical. Curves have been
shifted vertically for the sake of clarity.1-3
Y. L. SOO et al. PHYSICAL REVIEW B 67, 214401 ~2003!TABLE I. Parameters of the local structure around Mn atoms in the Mn/GaAs digital alloy and ~Ga,
Mn!As random alloy obtained from curve fitting of the Mn K-edge EXAFS. The amplitude reduction factor
S0
2 representing the central atom shake-up and shake-off effects was determined in a previous paper.a The
mean free path of photoelectrons, l, was obtained from curve fitting a theoretical x function calculated by
FEFF7. Here N is the coordination number. R is the bond length. s2 is the Debye-Waller-like factor serving as
a measure of local disorder. DE0 is the difference between the zero-kinetic-energy value of the sample and
that of the theoretical model used in FEFF. Underlined values were kept constant during the iterative fitting
process. Uncertainties were estimated by the double-minimum residue (2x2) method. For comparison, the
parameters determined in a previous paperb for a MnAs reference compound are also shown.
Sample NN atom N R ~Å! s2 (1023 Å2) DE ~eV! l ~Å! S02
Mn/GaAs As 3.260.8 2.4860.02 462 364 7.1 0.8
Ga 12 3.9860.05 1866 2165
As 12 4.6860.05 1367 167
~Ga,Mn!As As 3.661.0 2.4960.02 563 164 7.1 0.8
Ga 12 4.0060.06 1969 065
As 12 4.6460.29 14611 25630
MnAs As 6 2.57 363 261 7.1 0.8
Mn 2 2.85 563 264
Mn 6 3.71 663 063
As 6 4.51 366 065
Mn 12 4.68 966 2565
As 6 4.78 7640 866
aSee Ref. 11.
bSee Ref. 12.as the difference as compared to MnAs in terms of the local
chemical environment of the Mn atoms that participated in
the ferromagnetic ordering. It is worth to note that the posi-
tion of the L3 white line in our Mn/GaAs and ~Ga, Mn!As
samples ~638.7 eV! is lower than that of the GaMnAs sample
~642.2 eV! reported in Ref. 10. One may speculate that the
observed differences in magnetic properties between our
samples and the sample used by Ohldag et al. may have
origin in their difference in valency and local bonding envi-
ronments around Mn.
In conclusion, we have used the XMCD technique to se-
lectively probe the ferromagnetically ordered Mn atoms in
Mn/GaAs digital layer and ~Ga, Mn!As random alloy. The
exceptionally large dichroism at the Mn L3 white line indi-
cates that a high percentage of at least 66%–71% Mn atoms
in these samples participate in the ferromagnetic ordering21440with robust local magnetic moments. Our EXAFS results
indicate that the local structure around the ferromagnetically
ordered Mn atoms is consistent with Mn substituting for Ga
in GaAs host. Comparison of XMCD spectra of these
samples with that of a MnAs reference compound reveals the
similarity of the digital layer and random alloy samples and
their difference from MnAs in the local chemical environ-
ment of the ferromagnetically ordered Mn. These results thus
further confirm the conclusion of EXAFS. By a combination
of XMCD and EXAFS results, we have provided direct evi-
dence that the observed ferromagnetism in the Mn/GaAs
digital layer and ~Ga, Mn!As random alloy is indeed due to
the Ga-substituting Mn atoms, instead of MnAs clusters.
The present research at SUNY-Buffalo is supported by
NSF/ONR Award No. 0223848 and DOE and also by
DARPA under ONR Grant No. N00014-00-1-0951.1 H. Ohno, A. Shen, F. Matsukura, A. Oiwa, A. Endo, S. Katsu-
moto, and Y. Iye, Appl. Phys. Lett. 69, 363 ~1996!.
2 G. Kioseoglou, S. Kim, Y. L. Soo, X. Chen, H. Luo, Y. H. Kao, Y.
Sasaki, X. Liu, and J. K. Furdyna, Appl. Phys. Lett. 80, 1150
~2002!.
3 Y. L. Soo, G. Kioseoglou, S. Kim, X. Chen, H. Luo, Y. H. Kao, Y.
Sasaki, X. Liu, and J. K. Furdyna, Appl. Phys. Lett. 80, 2654
~2002!.
4 R. Shioda, K. Ando, T. Hayashi, and M. Tanaka, Phys. Rev. B 58,
1100 ~1998!.
5 C. T. Chen, F. Sette, Y. Ma, and S. Modesti, Phys. Rev. B 42,7262 ~1990!.
6 Y. U. Idzerda, C. T. Chen, H.-J. Lin, G. Meigs, G. H. Ho, and
C.-C. Kao, Nucl. Instrum. Methods Phys. Res. A 347, 134
~1994!.
7 G. van der Laan and B. T. Thole, Phys. Rev. B 43, 13 401 ~1991!.
8 N. V. Smith, C. T. Chen, F. Sette, and L. F. Mattheiss, Phys. Rev.
B 46, 1023 ~1992!.
9 J. Dresselhaus, D. Spanke, F. U. Hillebrecht, E. Kisker, G. van
der Laan, J. B. Goedkoop, and N. B. Brookes, Phys. Rev. B 56,
5461 ~1997!.
10 H. Ohldag, V. Solinus, F. U. Hillebrecht, J. B. Goedkoop, M.1-4
LOCAL ENVIRONMENT SURROUNDING . . . PHYSICAL REVIEW B 67, 214401 ~2003!Finazzi, F. Matsukura, and H. Ohno, Appl. Phys. Lett. 76, 2928
~2000!.
11 Y. L. Soo, Z. H. Ming, S. W. Huang, Y. H. Kao, R. N. Bhargava,
and D. Gallagher, Phys. Rev. B 50, 7602 ~1994!, and references
cited therein.
12 Y. L. Soo, S. W. Huang, Z. H. Ming, Y. H. Kao, H. Munekata, and
L. L. Chang, Phys. Rev. B 53, 4905 ~1996!.
13 Y. L. Soo, G. Kioseoglou, S. Huang, S. Kim, Y. H. Kao, Y. Taka-
tani, S. Haneda, and H. Munekata, Phys. Rev. B 63, 195209
~2001!.
14 Y. L. Soo, G. Kioseoglou, S. Kim, S. Huang, Y. H. Kao, S. Ku-21440wabara, S. Owa, T. Kondo, and H. Munekata, Appl. Phys. Lett.
79, 3926 ~2001!.
15 M. Newville, P. Lı¨vin, Y. Yacoby, J. J. Rehr, and E. A. Stern,
Phys. Rev. B 47, 14 126 ~1993!.
16 P. A. Lee, P. H. Citrin, P. Eisenberger, and B. M. Kincaid, Rev.
Mod. Phys. 53, 760 ~1981!.
17 J. J. Rehr, J. Mustre de Leon, S. I. Zabinsky, and R. C. Albers, J.
Am. Chem. Soc. 113, 5135 ~1991!.
18 R. W. G. Wyckoff, Crystal Structures ~Interscience, New York,
1960!.1-5
